The majority of terrestrial plants live in association with symbiotic fungi that facilitate mineral nutrient uptake. The oldest and most prevalent of these associations are the arbuscular mycorrhizal (AM) symbioses that first evolved $400 million years ago, coinciding with the appearance of the first land plants. Crop domestication, in comparison, is a relatively recent event, beginning $10 000 years ago. How has the dramatic change from wild to cultivated ecosystems impacted AM associations, and do these ancient symbioses potentially have a role in modern agriculture? Here, we review recent advances in AM research and the use of breeding approaches to generate new crop varieties that enhance the agronomic potential of AM associations.
Cereal crops retain an ancient ability to interact with AM fungi Arbuscular mycorrhizal (AM) symbioses are formed between plants and members of the Glomeromycota [1] . The fungus grows within the host roots, intermittently forming branched, tree-like structures, known as arbuscules, which are believed to be the main site of nutrient exchange [2] . In addition, the fungus develops an extensive network of extraradical hyphae that extends beyond the plant root system. Glomeromycotan fungi are obligate symbionts and rely on carbon provided by their plant hosts to complete their life cycle. In return, the fungus provides several benefits to the host plant, including improved mineral nutrition, enhanced drought tolerance and increased protection against pathogens [2] . The possible role of AM symbiosis in phosphate nutrition has received the most attention with regard to agricultural applications [3] . The recent discovery that nitrogen is also transferred by AM fungi has prompted further agronomic interest [4, 5] .
AM symbioses first evolved $400 million years ago [6, 7] , possibly helping the earliest terrestrial plants to take up nutrients in the absence of complex vascular root systems [8] . By contrast, the domestication of crop plants began relatively recently, $10 000 years ago [9] . At this point, a small segment of the available plant diversity was removed from its millennia-old environment and subjected to an intense period of selection, culminating in today's intensive agricultural practices. The evolutionary history and taxonomic distribution of AM interactions suggest that the progenitors of our modern cereal crops inherited the capacity to interact with Glomeromycotan fungi. Where investigated, this ability has been retained in modern cereal cultivars [10] [11] [12] [13] .
Offsetting the costs of AM association For the plant host the cost of AM colonization is the delivery of 4-20% of photosynthetically fixed carbon to its fungal partner [14, 15] . Historically, these costs must have been offset by the benefits to the colonized plant. If AM colonization is to be beneficial in an agronomic setting, the carbon demands must be compensated for by savings in crop production costs, the most attractive scenario being a reduction in the use of costly soil additives. AM symbioses are complex biological interactions; their impact varies in different environmental conditions and depends on the specific combination of plant and fungus involved [16] [17] [18] . Consequently, profitable use of AM symbioses in an agricultural context requires the selection of a suitable combination of plant host, fungal partner and agricultural practice to balance costs and benefits. Here, we focus on the plant component of this problem and consider the question of identifying, or generating, plant varieties with an enhanced capacity to benefit from AM associations.
To successfully tailor a complex biological interaction, such as an AM symbiosis, for agronomic application using targeted manipulation requires a level of understanding that exceeds what is currently available. By contrast, an appreciation and understanding of existing variation can allow desirable traits to be directly selected with far less prior knowledge. In the following sections we discuss the potential and problems relating to isolating useful variation by comparing AM colonization between plant varieties as well as the impact recent physiological and molecular findings have had on this approach.
Measuring performance differences following AM colonization
The impact of AM colonization on a particular variety can be estimated by the difference in performance (measured as, for example, stature, total dry weight, yield) between colonized and non-colonized plants -defined as 'responsiveness'. (In earlier reports, there have been various uses of the terms 'response' and 'responsiveness'. The definition given here follows that proposed by Janos [19] .) The relative performance of colonized and non-colonized plants (i.e. responsiveness) will change depending on environmental conditions [19] (Figure 1a) . Importantly for agricultural applications, responsiveness tends to diminish as nutrient availability becomes saturating and colonization can impose a net performance cost under high nutrient conditions [12, 19] . Any assessment of a given species or variety as 'responsive' or 'non-responsive' must always be qualified with reference to the growth conditions. This complication is magnified when a comparison is to be made between two or more varieties.
Understanding diversity in AM responsiveness
Although responsiveness is clearly defined for a single plant variety, comparing responsiveness between varieties becomes more problematic. First, to be meaningful, comparisons must be made under equivalent environmental conditions, taking into consideration that the relationship between absolute nutrient levels and relative performance might differ between varieties. In this respect, maximum responsiveness (the greatest difference between colonized and non-colonized plants when performance is measured across an environmental range) has been proposed as a suitable summary statistic [19] (Figure 1a ). However, there are clear practical limitations in determining maximum responsiveness for a large collection of material or if multiple environmental variables are considered.
More fundamentally, responsiveness confounds several traits and it is misleading to consider high responsiveness alone as identifying the genetic basis of more profitable AM interactions. In certain varieties, high responsiveness is characterized as much by a good capacity to profit from AM colonization as by an inability to function in its absence. This point has been illustrated in the extreme case of the maize mutant lateral root1 (lrt1), a mutant deficient in lateral root growth. This mutant is highly intolerant of low phosphate conditions, but can be partially rescued by formation of an AM symbiosis [20] . Thus, it can exhibit higher responsiveness compared with wild-type siblings, although the greatest difference is in performance in the absence of AM colonization.
The inability of a plant to grow in the absence of colonization has been defined as 'dependence' and is calculated as the level of nutrient availability below which non-colonized plants either cease to grow or fall below a given performance threshold [19] . By extension, variation in responsiveness can be partitioned into dependence and non-dependence components. In a simple experimental system, dependence variation relates to plant performance under a given set of abiotic conditions. By contrast, nondependence variation describes differences in the interaction between plant and fungus. As such, non-dependence differences will include variation in the ability of lines to establish colonization, variation in the efficiency of nutrient uptake and variation in the regulation of nutrient exchange between fungus and host. These traits are of the greatest interest to the researcher aiming to enhance the profitability of cereal-AM interactions. If responsiveness is to be used to uncover useful variation in performance, dependence and non-dependence effects must be distinguished. A highly responsive line identified on the basis of exceptionally poor performance in the absence of AM colonization is unlikely to provide factors that maintain their positive effect following transfer into novel genetic backgrounds (Figure 1b) .
Existing variation in cereal responsiveness
Several studies have investigated responsiveness variation present in existing crop diversity collections, usually with a focus on plant growth under limiting nutrient conditions. In a study comparing the performance of wheat varieties developed before and after 1900, varieties developed before 1900 were more responsive to AM colonization than those developed later [11] and it has been suggested that plant breeding has selected against AM association. However, in this study the observed differences in responsiveness were largely determined by an increased ability of modern lines to take up phosphate without AM fungi (i.e. a reduction in dependence, not a loss of compatibility with the fungus). Dependence is considered a greater target for natural selection than other components of responsiveness because it is based on plant factors alone and not on the interaction between plant and fungus [19] . The data presented in this study suggest that artificial selection has also acted strongly on dependence during the breeding of modern wheat varieties [11] . The confounding effect of dependence variation is also evident when assessing responsiveness differences among contemporary varieties. In a performance study of MidWestern US corn inbred lines, a range of responsiveness was observed [12] . However, when lines were selected for extremes of responsiveness and differences were investigated using quantitative trait locus (QTL) analysis, dependence differences were found to dominate [12] . From a breeding point of view, measuring responsiveness variation without consideration of dependence and non-dependence components will tend to uncover genetic components linked to the ability to grow in the absence of AM symbioses and not useful variation or factors that impact the symbiosis itself. However, advances in molecular and physiological understanding are helping to clarify the important distinction between dependence and non-dependence and are also extending the range of tools available for the identification of beneficial variation.
The molecular basis of responsiveness variation
Responsiveness, as a direct measure of AM contribution, considers the effect of AM colonization to be a simple addition to performance in the absence of colonization. This is most easily illustrated with regard to nutrient uptake; it is assumed that in the presence of the fungus the plant receives a nutrient supplement in addition to that which it would take up in the absence of colonization. Such an assumption is inherent in an attempt to identify variation that directly impacts AM symbioses on the basis of responsiveness alone. As described previously, dependence and non-dependence effects complicate the situation. Recent advances in molecular and physiological understanding further challenge the traditional interpretation, as can be exemplified by a brief discussion of plant phosphate uptake.
Plants use two distinct phosphate uptake pathways, one acquiring phosphate directly from the soil and one following delivery by the fungal partner (Box 1). Physiological studies have suggested that these two delivery modes might be considered functional alternatives, one of which will dominate depending on environmental conditions [18] . This distinction has been supported by expression analyses of the Phosphate transporter 1 (Pht1) family of phosphate transporters. Pht1 proteins are H 2 PO 4 À -H + symporters involved in the uptake of inorganic phosphate from the soil and the redistribution of phosphate within the plant [21] . Owing to the availability of a complete genome sequence, the Pht1 family of rice is the best characterized with respect to AM association [22] . The rice genome encodes a total of 13 Pht1 homologs (ORYsa:Pht1;1-ORYsa:Pht1;13), 10 of which have been shown to be expressed in roots [22] . ORYsa:Pht1;2 and ORYsa:Pht1;6 are highly expressed in the absence of AM association but are repressed following fungal colonization. Conversely, ORYsa:Pht1;11 is not expressed in the absence of the symbiosis Box 1. Phosphate uptake by AM plants
In the majority of environments phosphorus is limiting for plant growth, owing, in part, to rapid immobilization of orthophosphate by free cations [42] . Consequently, large amounts of chemical phosphate fertilizers are added annually to cultivated soils [>4 000 000 tons per year in the USA alone (United Nations Food and Agriculture organization; www.fao.org)], although the efficiency of uptake might be as low as 20% [43] . Phosphate is increasingly costly to extract and supplies are predicted to be exhausted before the end of this century. In addition, phosphate application presents severe environmental problems in the form of field run-off to water courses. The potential of AM symbioses to improve the way phosphate additions are used in agriculture is therefore of great interest.
Plants take up phosphate in two ways, either directly from the soil (the direct pathway, Figure Ia) or following delivery by a mycorrhizal fungal partner (the mycorrhizal pathway, Figure Ib) [3, 18] . Phosphate uptake via the direct pathway exceeds the rate of phosphate diffusion in the soil, generating a zone of phosphate depletion around the roots. The hyphal network of colonizing fungi reaches beyond this zone such that a greater soil area is available for uptake via the AM pathway. Phosphate is taken up by fungal extraradical hyphae [44] [45] [46] and translocated to arbuscules where it is released into the periarbuscular space and taken up via specific plant phosphate transporters (PTs) localized in the periarbuscular membrane [31, 47, 48] (Figure I ). The MEDtu:Pht1;4 protein of medic (Medicago truncatula) is the best-characterized AM symbiosisassociated plant PT and has been shown by genetic disruption to be involved in AM phosphate uptake [31, 47] . Within the cereals, potential MEDtu:Pht1;4 orthologs have been identified from rice (ORYsa:Pht1;11) [22] , maize (ZEAma:Pht1;6) [49] , barley (HORvu:PHT1;8) [49] and wheat (TRIae:PHT1;myc) [50] . Although there is no functional evidence that these cereal PTs have a direct role in AM symbiosis, correlative expression data and sequence similarity to MEDtu:Pht1;4 suggest a common function. Figure I . Phosphate uptake pathways. Phosphate (P i ) uptake by (a) nonmycorrhizal and (b) mycorrhizal roots. In the absence of colonization (a), phosphate is taken up by plant phosphate transporters of the direct pathway (green) located in the outer membrane of the rhizodermis and root hairs. In mycorrhizal plants (b) a second pathway becomes active; phosphate is taken up by the extraradical hyphal network (orange) and delivered to arbuscles where it is absorbed by plant phosphate transporters (red) in the periarbuscular membrane. Following colonization, the accumulation of transcripts encoding the direct pathway transporters is reduced.
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but is strongly induced following AM colonization. These, and similar observations in other plant species, have revealed that distinct transporters are specific to the direct or the AM pathway (Box 1). It is evident that lines carrying alleles that contribute differently to the direct pathway might exhibit responsiveness differences independent of variation in components associated with the AM pathway.
When AM colonization is established there is not a simple superimposition of additional gene expression on the non-colonized state, but rather a switch from one pattern of gene expression to another -certain genes are induced and others repressed [22, 23] . Thus, the genetic determinants of performance in AM-colonized and noncolonized plants can vary independently. It is tempting to speculate that the physiological and molecular distinction between the non-colonized and colonized state (for example, the direct and AM phosphate uptake pathways) underlies the distinction between dependence and non-dependence components of responsiveness. Importantly for studies of variation, colonized and non-colonized states are not simply additive and, consequently, non-colonized performance cannot provide a control or normalization-measure for crossvariety comparisons. One solution to this problem is refinement of the measure of AM impact that is used in diversity studies. A complementary approach is to use molecular information to directly investigate AM-associated variation.
Molecular approaches for the identification of variation in AM symbioses
Increased molecular characterization has opened up the possibility of applying molecular breeding techniques to the study of cereal-AM interactions. In addition to mycorrhizal PTs, several other cereal genes have now been implicated in the functioning of AM symbiosis, including potential cereal orthologs of the legume common symbiosis genes [24, 25] and candidates identified by expression profiling [23] . These genes present attractive targets for DNA sequencing approaches. Sequence information can be obtained from diverse varieties and directly examined for important amino acid changes on the basis of functional prediction or using the techniques of association analysis [26] . In addition, investigation of patterns of nucleotide change can reveal the strength of selective pressures acting on a given gene during domestication [27] . AM candidate genes also represent markers to be used for 'molecular phenotyping' in which gene expression is compared in different varieties to directly assay activity under certain conditions. Perhaps some of the most exciting possibilities involve a combination of molecular-genetic and diversity approaches. Reverse genetics techniques have the potential to identify loss-of-function alleles of AM candidate genes and provide material that could enable direct assessment of the importance of AM symbioses in agricultural systems. Characterization of such mutant alleles in highly responsive or non-responsive genetic backgrounds would then enable assessment of dependence and non-dependence variation.
Moving towards an enhanced response to AM colonization? It is interesting to speculate as to what traits will be identified by selection for an enhanced AM response.
The profitable application of AM symbioses in cereal production does not demand large-scale qualitative genetic changes as would, for example, engineering of nodulation response or the introduction of C 4 photosynthesis into C 3 species. What is needed is a careful balancing of costs and benefits. Even if such a balance had been attained by the forces of evolution in a natural setting, it will have been greatly disrupted by the processes of domestication and contemporary agricultural practices. Moreover, even under natural conditions the exchange of nutrients need not be completely equitable and selective pressure can act on either partner to shift the balance to their advantage [28] [29] [30] .
What is required for the cereal breeder is the ability to manipulate plant genetic factors that impact the costbenefit balance of an AM symbiosis, or more specifically the rate at which resources are diverted to the fungus in return for a given level of enhanced performance or reduction in production costs. There is increasing evidence that the plant host can regulate fungal colonization by modulating carbon delivery to the fungus [31, 32] or by less direct signaling mechanisms [33, 34] , possibly involving phytohormones [35] [36] [37] [38] . Selection for alterations in plant regulation of fungal growth is one way in which breeders might manipulate the cost-benefit balance of AM symbiosis. It has been shown that the degree of AM colonization of maize roots decreases as phosphate availability increases [39] . Similarly, barley has been shown to resist further AM colonization once a certain critical level of fungal growth is reached [40] . Selection of variation in such responses has the potential to improve the profitability of AM symbioses in a cultivated setting.
Crop diversity collections represent a valuable and powerful breeding resource. For example, modern cultivated maize lines retain up to 60% of the diversity present in ancestral teosinte (Zea mays spp. parviglumis) germplasm [41] and, at the nucleotide level, are more diverse than human, Drosophila or many wild-plant populations [26] . The use of such material requires clear understanding of the traits to be selected and benefits from the availability of molecular information. In this article, we have presented recent advances that are helping to fulfill these requirements for the study of AM symbioses and that should enable application of molecular breeding approaches to the optimization of AM symbioses for agricultural use. In achieving this, a 400 million-year-old interaction can be harnessed as a component of future agricultural systems.
